We have measured the strength of the UV upturn for red sequence galaxies in the Abell 1689 cluster at z = 0.18, reaching to or below the L * level and therefore probing the general evolution of the upturn phenomenon. We find that the range of UV upturn strengths in the population as a whole has not declined over the past 2.2 Gyrs. This is consistent with a model where hot horizontal branch stars, produced by a Heliumenriched population, provide the required UV flux. Based on local counterparts, this interpretation of the result implies Helium abundances of at least 1.5 times the primordial value for this HB population, along with high formation and assembly redshifts for the galaxies and at least a subset of their stellar populations.
INTRODUCTION
The spectral energy distributions of early-type galaxies show a sharp rise in the ultra-violet at λ < 2500Å, a phenomenon known as the UV upturn (hereafter upturn), first discovered through UV observations using OAO (Code & Welch 1979) and IUE (Bertola et al. 1982) . Given that the stellar populations of these galaxies are mostly old and metalrich, with little or no evidence of recent star formation, the likely sources of the upturn are a population of hot horizontal branch (HB) stars (e.g. Greggio & Renzini 1990; Bressan et al. 1994; Dorman et al. 1995) . This explanation is supported by spectroscopy and imaging of local galaxies (e.g. Brown et al. 1997 Brown et al. , 1998b Brown et al. , 2000b . The stars in this population can only evolve onto the hot HB (generally beyond the RR Lyrae gap) in these old and metal-rich galaxies providing that they have an unusually high helium abundance (Y ). Low-metallicity stars also end up on the blue HB in local globular clusters and this along with the age of the populations have also been considered as possible explanations for the upturn (Yi et al. 1998; Lee 1994; Park & Lee 1997) . However, the presence of a significant fraction of low metallicity stars in these massive galaxies is already excluded by the observation of their strong metal lines which imply that the dominant population is solar or super-solar in abundance. Furthermore, our observations in Ali et al. (2018) , hereafter Paper I, show that the contribution of the upturn population spectral energy distribution, if parameterised as a black body, is more prominent and hotter in the more massive Email: s.ali@bristol.ac.uk and more metal rich galaxies. This is contrary to what one would expect in a low-metallicity scenario. A low metallicity model would imply that a blue HB population should only appear at the lowest redshifts, and certainly be missing in observations of even moderate-redshift galaxies, contrary to previous work which detected upturns in the most massive galaxies over the past ∼ 5 Gyrs, e.g. in the work of Brown et al. (1998a Brown et al. ( , 2000a Brown et al. ( , 2003 . The work we descibe below confirms that the upturn remains to at least z ∼ 0.2 in the general cluster early type population. Similarly, older stellar populations may also produce hot HBs without Helium enrichment, but we discuss below how this is unfeasible given the age of these galaxies and the constraints of cosmological parameters.
UV luminous HB populations are observed in a subset of Galactic globular clusters (e.g. Piotto et al. 2005 Piotto et al. , 2007 , which are often interpreted as having high helium abundances. While there could be other origins for such a UV bright population, such as close binaries (Han et al. 2007) and stars with excessive mass loss (as a function of metallicity) on the red giant branch (Bressan et al. 1994; Yi et al. 1997 Yi et al. , 1998 Yi et al. , 1999 , these are not expected in globular clusters and so are unlikely to account for their UV luminous sub-populations. Furthermore, mass loss on the red giant branch is not observed to depend on metal abundance in local clusters (Miglio et al. 2012; Salaris et al. 2016) , and the binary fraction appears to decrease with metallicity in the bulge (Badenes et al. 2018) , the reverse of what would be required to produce an upturn in these otherwise metal rich galaxies. The problem of accounting for a hot HB population without an enhanced helium abundance is exacerbated Mieske et al. (2004) and Alavi et al. (2016) respectively.
in early-type galaxies relative to those in globular clusters because the higher metallicity of stellar populations in the galaxies would otherwise act to cool any HB population relative to those in globular clusters. See Paper I for a more extended discussion of this.
Assuming that the upturn is produced by a helium enhanced HB population, it should evolve strongly with age through its sensitivity to the HB morphology and the timedependence of the main sequence turnoff mass. Given that the more massive stars never reach the blue HB, there is a limit to the time since a stellar population formed before which a hot HB could appear, irrespective of the level of Helium enhancement. In some of the most metal-rich clusters in our Galaxy, only the ∼ 10% of stars with high Y values populate the hot HB, although as much as 2/3 of the stellar population may have non-cosmological Y abundance (Tailo et al. 2017) . Because the upturn switches on 'rapidly' as the turnoff mass reaches a value that allows HB stars to form, it is potentially a sensitive probe of the epoch of galaxy formation, accessible by observations even at moderate redshifts ( e.g. out to z ∼ 0.6, Tantalo et al. 1996; Chung et al. 2017) .
Given that HB stars are at a post-MS evolutionary stage of their life cycle, the upturn is a direct probe of the properties of this old stellar population that potentially formed at a very high redshift (z f ∼ 4 and above as suggested by, e.g. Brown et al. 1998a Brown et al. , 2000a Brown et al. , 2003 . Most previous work has concentrated on very bright early type galaxies in clusters because of limitations in telescope aperture or detector sensitivity. Brown et al. (1998a Brown et al. ( , 2000a Brown et al. ( , 2003 studied the evolution of the upturn in brightest cluster galaxies at z ∼ 0.3 − 0.6, and found that the rest-frame FUV − V colour in general reddens with redshift in these galaxies. Ree et al. (2007) also performed a similar study on brightest cluster ellipticals at z < 0.2 and found a similar fading of the upturn with redshift. More recently Boissier et al. (2018) found that the upturn exists in a sample of several tens of BCGs out to z ∼ 0.35 behind the Virgo cluster.
In Paper I we explored the strength of upturns in the red sequence galaxy populations of local clusters including Coma. In this and subsequent papers we explore the evolution of the upturn in cluster red sequence galaxies over a range of redshifts and for a range of luminosities, rather than just the very brightest galaxies. Here we concentrate on the galaxy population of Abell 1689 at z = 0.18, which at the initiation of this project was the only cluster at z ∼ 0.2 with suitable archival HST ACS and WFC3 imaging data in the required bands and of sufficient depth to reach below the L * point in the luminosity function. This allows us to directly compare the spread in the upturn strength of galaxies in Abell 1689 to those in local clusters (Paper I) down to L * and beyond. Otherwise, we take this cluster as a typical exemplar of massive clusters at this redshift.
All magnitudes quoted are in the AB system, and the cosmology assumes h = 0.7, Ω m = 0.3, Ω Λ = 0.7. Galactic extinction corrections were made using the extinction maps from Schlafly & Finkbeiner (2011) .
DATA & PHOTOMETRY
For Abell 1689, suitable optical and UV imaging data is available from the HST archive. The optical data consist of images taken with the Hubble Space Telescope (HST)'s Advanced Camera for Surveys (ACS) through the F475W and F625W filters, corresponding approximately to the restframe B and V filters at this redshift 1 . We extract archived images in both filters from the Hubble Legacy Archive (HLA). The program IDs and PI identifications are reported in Table 1 , together with exposure times and other relevant information.
The ACS F475W and F625W are level 3 HLA mosaics, which are combined images from multiple HST visits covering a large contiguous area of the sky. Level 3 data are produced through the DrizzlePac pipeline which removes geometric distortions, positions the image North up, corrects for sky background variations, removes cosmic rays and combines and projects multiple images on to one common frame with the same pixel scale as the detector. Details of the whole drizzling process is given in the DrizzlePac handbook (Gonzaga 2012). As Level 3 data have already been pre-processed by the pipeline, photometry could be carried out on them without any need for further corrections to the images.
We used SEXTRACTOR (Bertin & Arnouts 1996) to carry out aperture photometry (through a metric 7.5kpc diameter aperture) on the F475W and F625W images, deriving also the Kron (1980) magnitudes in each band. The red sequence for this cluster is clearly visible in Fig. 1 . Because there is no complete redshift survey for this cluster, we make the reasonable assumption here that, all bright resolved galaxies falling in the region of parameter space coincident with the cluster red sequence are cluster members. However, CLASH-VLT spectroscopy of rich clusters at similar redshifts indicates that > 95% of apparent red sequence galaxies at these magnitudes are genuine cluster members (De Propris et al. 2016 ). We do not consider red sequence galaxies fainter than F625W> 24 as the possibility of contamination by foreground or background objects significantly increases at this point. Given the tight red sequence down to our selection limit, contamination from non-cluster members is therefore unlikely to be significant. Ultraviolet observations were made using using the Wide Field Camera 3 (WFC3) with the F225W, F275W and F336W filters of the UVIS channel, corresponding to rest frame 1900Å, 2300Å and 2850Å respectively 2 .
The WFC3 images through these filters are provided by the archive as Level 2 data, which are identical to Level 3 data in how they are processed with the exception that the combined images are limited to the same HST visit. In order to achieve the maximum depth possible for each band, we aligned and combined all Level 2 frames in each filter using the imalign and imcombine functions within IRAF.
The different pixel scales of the optical and UV images precluded the use of SEXTRACTOR in dual mode to obtain UV photometry in the manner as for the optical data. Instead, we used IRAF 's apphot package to place apertures of fixed 7.5kpc diameter on to the RA and DECs 2 Details of the WFC3 detector is given in Dressel (2017) .
of all the red sequence objects determined from the optical data onto the F225W, F275W and F336W images to measure their corresponding magnitudes in these bands. We then made a 5σ signal to noise cut on our detected objects and checked them by eye to ensure they are indeed real. In total we find a sub-sample of 37 optically-selected red sequence galaxies that are detected in every UV band. Of these, approximately half had redshifts tabulated in NED 3 and they were all confirmed cluster members. These represent the 37 optically-brightest galaxies of a sample of 176 red sequence galaxies within the field-of-view of the UV frames. The non UV-detected galaxies had upper limits to their UV-optical colours which do not constrain the presence or otherwise of an upturn. The detected objects typically displayed visually identifiable rest-frame UV emission only over the central ∼ 1 arcsec, simply reflecting the relative surface brightness sensitivity to z = 0.18 ellipticals of the HST data in the different bands. At the redshift of Abell 1689, we detect F225W emission from all ellipticals with optical luminosities down to the ∼ L * level (Bañados et al. 2010 ).
RESULTS

UV-to-optical colour-magnitude diagrams
We plot in Fig. 2 (left) the F225W − F625W (rest-frame ∼ 1900 − V) colours against the absolute F625W (rest-frame V band) magnitudes. There is a spread of approximately 2 magnitudes in this colour. While not a conventional means of measuring the strength of the upturn, this colour has similar sensitivity to the upturn as the standard 1550 − V (GALEX FUV −V) colour more normally used to measure its strength. Consequently, the spread of ∼ 2 magnitudes in 1900 − V can be compared to that in the 1550 − V colour of red sequence galaxies found in Coma, Fornax, Perseus and Virgo clusters (Paper I, Boselli et al. 2005) . We can also make a more direct comparison with the UVOT UVW2−V (∼ 1900−V) colours of Coma galaxies from Paper I for the same luminosity range as our Abell 1689 sample, where the galaxies show a somewhat smaller scatter of ∼ 1.5 magnitudes. It is important to note that while the spread in the UVW2 − V and F225W − F625W colours between the two clusters may be comparable, we can not as easily compare the actual colour values. This is due to the inherent differences in the shape and bandwidths of the HST WFC3 F225W and UVOT UVW2 filter responses, which have FWHMs of 500Å and 657Å respectively. These differences lead to an underlying variation in the measured colours independent of any upturn.
We also stack the non-detected galaxies in the F225W band between ∼ M F625W =-19 and -18 to get a detection and determine the average F225W − F625W colour of the galaxies just beyond the detection limit. This is plotted as the purple star in Fig. 2 (left). As can be seen, the colour is consistent with some of the redder detected galaxies in our sample, which is to be expected given that the upturn tends to get weaker with decreasing mass/luminosity (Boselli et al. 2005; Smith et al. 2012) .
It should be noted that our sample of Abell 1689 galaxies does not contain the two brightest (central) galaxies. This is due to the final UV image of the cluster having a 'dead' zone at its centre, resulting from the range of rotations and offsets of individual data frames not fully compensating for the gap between individual detectors. As seen from previous studies, locally the largest galaxies -particularly BCGstend to have some of the bluest UV-optical colours, and as such the strongest upturns (Burstein et al. 1988) , though the results of Brown et al. (1998a Brown et al. ( , 2000a Brown et al. ( , 2003 and Ree et al. (2007) noted earlier may indicate some evolution for these objects.
We also plot in Fig. 2 (right) the F275W − F625W (rest frame ∼ 2300−V) colours of our galaxies against the absolute F625W magnitudes. While not as sensitive to the upturn as the GALEX FUV − V used in Paper I, previous studies of red sequence galaxies (Schombert 2016, e.g.) have shown that the NUV −V colour is also affected quite strongly by the hot HB stars that are the likely source of the upturn. In the discussion section we further justify this choice, showing that the NUV − V colour probes the upturn and does not depend significantly on the underlying stellar populations. Since in the rest frame of Abell 1689, the HST F275W −F625W colour is very similar to that of the the GALEX NUV −V measured for the sample of Coma galaxies with the same absolute magnitude range as that for Abell 1689, these results can be directly compared, as seen in Fig. 2 (right) . Both the Abell 1689 and Coma galaxies show a near identical spread of ∼ 1.5 magnitudes and have very similar NUV −V/F275W − F625W colours. This immediately suggests that if the range in this colour is due to upturns of varying strengths, the range in upturn strength has not evolved drastically over the past ∼ 2.2 Gyrs. In addition, it is clear that this is true for the whole population of galaxies, and not just the brightest galaxies as seen in previous studies (Brown et al. 1998a (Brown et al. , 2000a (Brown et al. , 2003 .
At first glance, these results seem to be in disagreement with those of Ree et al. (2007) , who found that the upturn fades with redshift in the range of z = 0 − 0.2. However, this previous study was performed only on the BCGs. When our much larger sample of elliptical galaxies down to L * (and beyond) is considered, we find that strength of the upturn phenomenon does not appear to evolve significantly out to z = 0.2.
UV-to-optical SEDs of Abell 1689 galaxies
We show in Fig. 3 the photometry of the 37 galaxies in our sample that were detected in all WFC3 and ACS bands. The observed F225W-F625W, F275W-F625W, F336W-F625W and F475W-F625W colours are plotted against the equivalent rest-frame central wavelength of each filter, to create UV-to-optical SEDs that span the wavelength range between ∼ 1500Å and ∼ 5500Å. Even though the SEDs of the Abell 1689 galaxies are sampled by fewer points in the UV than for those of the lower redshift Coma galaxies from Paper I, we plot both sets of SEDs in order to compare as many data points between the two clusters as possible. We also plot the SED of IC4040, a typical star-forming galaxy from the Coma cluster. The SED of this galaxy is much flatter between the UV and optical than those of red sequence galaxies, which is a result of the fundamental difference between the source of UV luminosity in star-forming and quiescent galaxies.
Also included in Fig. 3 is the the SED of a "red and dead" SSP from Conroy et al. (2009) (C09 henceforth) with solar metallicity and a formation redshift of z f = 4, which represents a system completely dominated by a conventional old stellar population and therefore having a very weak UV output. The same C09 model is used for both dashed curves. The offset between them is due to its convolution with the appropriate (rest-frame) filter bandpasses for the two sets of observations. Although other models for synthetic SSPs exist, the advantage of using C09 is that it specifically does not attempt to model in an ad-hoc fashion any post mainsequence stellar population that contributes to a galaxy's UV emission (see Paper I).
The SEDs of IC4040 and C09 represent the two opposite extremes of ongoing star formation and no star formation at all, which can then be compared to our sample of red sequence galaxies. We can form intermediate SEDs between these two extremes by adding in a proportion of the IC4040 SED to that of the C09 model. Given that the range in optical colours of our selected Abell 1689 red sequence galaxies is strongly limited (covering a range of no more than 0.1 magnitude in F336W-F625W), this constrains the maximum proportion of IC4040 SED that can be included. Adding this maximal amount to the C09 SED leads to a combined SED that is redder in UV-optical colours than those measured for our red sequence galaxies, implying that the UV flux is dominated by emission not arising from ongoing star formation, as similarly found in Paper I.
As already noted, the galaxies in our Abell 1689 sample have a very tight spread of ∼ 0.1 magnitudes in their optical colour. However, at wavelengths shorter than 3000Å, the spread in the colours gradually become larger, increasing to several magnitudes at the shortest wavelength (1900Å). Clearly, the large scatter seen in the UV colours is absent in the optical colours. This suggests that the sub-population of stars responsible for the scatter in the UV has little to no effect on the optical output of these galaxies. Furthermore, the C09 SSP fits our optical data extremely well, but in the UV the same model has colours at least as red as the reddest of our observed galaxies. Given that the C09 SSP replicates the contribution of the conventional old stellar population, this indicates that such a population has a very minor effect on the overall UV emission of red sequence galaxies, as one would expect. Ultimately, the comparison of our results with models suggest (as in Paper I) that these red sequence galaxies are formed of a majority old stellar population that emits strongly in the optical, superimposed with a similarly old sub-population of (likely) He-enhanced hot HB stars that emit strongly in the UV. The large range in the UV-optical colours reflects the different strengths of the upturn in different galaxies, which in turn appears to be linked directly to the temperature and number of hot HB stars within the galaxies (see Paper I).
When compared with Coma, the spread in the optical colours of Abell 1689 red sequence galaxies is similarly tight, ∼ 0.1 magnitudes. As discussed previously, the spread in the F275W − F625W (Abell 1689) and GALEX NUV − V (Coma) colours are also remarkably similar. In the case of the F225W − F625W (Abell 1689) and UVOT UVW2 − V colours (Coma), the exact values between the two clusters can not be directly compared due to the inherent difference in the bandpasses of the HST F225W and UVOT UVW2 filters, which is illustrated by the large difference in the ∼ 1900 − V colour of ∼ 1.5 magnitudes in the underlying C09 model when convolved through each filter. Such a large difference in the model colours does not exist (nor was it expected to exist given the bandpasses) for any of the other data points.
As discussed in Paper I, the Coma galaxies have an unexpectedly large spread of 2 magnitudes in the UVW1 − V (2600 − V) colour, larger than all other shorter wavelength UV colours. It was surmised that this may be an issue with a subset of the UVOT UVW1 dataset, rather than the true photometry of the galaxies. The majority of the Coma galaxies could be well fitted by a C09 SSP as shown in Fig. 3 combined with a blackbody of a specific temperature and normalisation to account for the UV emission. Those galaxies that could not be fit with such a 2-component model were the ones with the unusually blue UVW1 − V colours ( 3.8 mags) -the discrepant UVW1 magnitudes specifically degraded any fit. From our current data we note that the F336W-F625W (rest frame ∼ 2800 − V) colour of the Abell 1689 galaxies should be closely related to that of the UVW1 − V (2600 − V) colour for the Coma galaxies. The former colour has a smaller range than the latter, and when those objects in Coma that are not well-fitted by a two component model are excluded, the ranges become comparable. This lends credence to the argument in Paper I that the overly large spread in UVW1 − V in the Coma galaxies is caused by an issue with a subset of the UVW1 data.
DISCUSSION
As discussed in the introduction and in Paper I, we can interpret our results in terms of the presence of a Helium enriched HB population within the galaxies giving rise to their upturns. Recently Chung et al. (2017) published synthetic photometry for a series of Simple Stellar Populations with varying levels of Helium abundance (Y ) and metallicity (Z) as a function of time since burst (referred to here as YEPS models, after the name of the project). We can use these models to interpret our results and place constraints on the age and/or Helium enrichment of any population giving rise to the upturn. Fig.4 shows the evolution of the GALEX NUV −r colour with lookback time as given by the YEPS spectrophotometric models for a range of He-enriched populations as dashed lines. We note here that the photometry from the YEPS models are tabulated by Chung et al. (2017) for a range of Y ini , which is defined as the initial Helium content of the SSP at Z = 0. This parameter is related to the Helium abundance through the following equation: Y = Y ini + 2 × ∆Y /∆Z × Z. We adopt the values of ∆Y /∆Z = 2 and Z = 0.02 (solar metallicity) to calculate the Y for our models as shown in Fig. 4 , and use these values in the discussion henceforth. We also assume a formation redshift of z f = 4. A later formation redshift shifts these evolutionary tracks to the right, trading decreased age for increased Y at a given colour. Age and Y are degenerate in these colours for these models because higher Y populations have shorter main sequence lifetimes. We then plot the NUV −r colours of Coma and Perseus from Paper I and low redshift red sequence galaxies from twenty further z < 0.1 clusters (described in Ali et al., in prep) . We also add the F275W −F625W colours of the Abell 1689 galaxies, suitably k-corrected to the rest-frame ∼ NUV − r. The overall distribution of points demonstrates a lack of evolution for the UV upturn out to z ∼ 0.2 (with a ∼ 2.2 Gyr range in lookback time) -the range in the NUV − r of 1 ∼ 1.5 mags, which is a measure of the upturn strengths, is consistent between all the clusters in the redshift range being surveyed.
The observed range in the NUV − r colour is also consistent with the predictions from the YEPS models. The reddest objects can be explained as those with little or no contribution from a significantly He-enhanced HB population. Conversely, the bluest require an additional population with Y > 0.37 if the formation redshift was z f ∼ 4 or higher, and an even stronger enrichment if the population formed at lower redshift. It should be noted that the model colours shown in Fig. 4 are for uniformly He-enhanced populations of a given Y and fixed Z = Z . In reality, our observed data are for real red sequence galaxies that have a majority "red and dead" population with a standard Helium fraction that is close to primordial, combined with a sub-population of He-enhanced stars with a range of Y . As such, our observed colours do not (and should not) reach the bluest colours shown by the models. Because of the age-Y degeneracy, it is possible in theory to have populations with very high Y values (as seen in the Y = 0.42 and Y = 0.47 models), which become UV-bright after ∼ 7 and ∼ 4 Gyrs main sequence lifetimes respectively. These populations could therefore form at much lower redshifts (z ∼ 1). However, given the fact that the He-enhanced sub-population is not an insignificant fraction (of order 10%) of the galaxies' overall stellar population (Paper I) and that most cluster red sequences appear to be already established by a redshift of z ∼ 1 − 2 (e.g. Newman et al. 2014) , any appreciable star formation would seem to have been completed at much higher redshifts (i.e. more than 10 Gyrs ago).
The upturn typically becomes obvious as a separate component of the SED at ≤ 2500Å and strengthens to at least ∼ 1500Å. Although measurements in the NUV band (rest frame F275W for Abell 1689) can be significantly influenced by the upturn, we note that it is also partially affected by the output from the main sequence. Consequently it is potentially sensitive to variations in the age and metallicity of the entire stellar population. To test whether variation in these main sequence parameters can explain the observed range in the NUV − r colour seen in our clusters, we plot in Fig. 4 alongside the YEPS models, the evolution of NUV − r against the age of the Universe as given by the C09 models (which have no upturn component) for three different metallicities -Z=Z , 0.56Z and 1.78Z (i.e. solar, subsolar and super-solar) with z f = 4. As can be seen from the plot, the C09 model with solar metallicity matches closely the YEPS model with Y = 0.27, since the latter has no upturn compared to the models with higher Y . The super-solar and sub-solar models have NUV − r colours that are ∼ 0.5 mags redder and bluer than the solar metallicity model respectively. Since the galaxies we probe are almost all at or above the L * point, the majority will have solar or supersolar metallicities. This is supported by Price et al. (2011) who showed that all Coma galaxies above L * (i.e. the ones plotted in Fig. 4 ) have metallicities between Z=1-2Z . In Paper I, we also attempted to fit blackbodies+C09 models with sub-solar metallicities to the SEDs of the aforementioned Coma galaxies, but these all gave poor fits (see Paper I for further details). Thus the NUV − r colours given by the Z=0.56Z metallicity C09 model is unlikely to be appropriate for any of the galaxies in our sample. In any event, the model is still not blue enough to account for the entire range of NUV − r colours observed in these clusters even if the entire stallar population of a galaxy has this metallicity. If such a population is mixed in with a super-solar population (in order to satisfy all previous evidence for higher overall metallicities), the mismatch in the range of colours is even worse.
As noted earlier, the age of the main sequence population is the third parameter besides metallicity and Helium enhancement to potentially have a significant effect on the NUV − r colour. As can be seen from the time-evolution of the colours of all C09 models, the change in the NUV − r colour is ∼ 0.1 per Gyr. Recent studies by Jørgensen et al. (2017) have found a lack of any appreciable star formation in cluster galaxies at z < 2 and formation redshifts for such galaxies between 2 < z f < 6 depending on the choice of diagnostics used in its estimation. Furthermore, red sequence galaxies in clusters show a consistent small spread in optical colours up to at least z ∼ 2 and even higher, and hence have SEDs that were dominated by passively evolving populations since then (Glazebrook et al. 2017) .
Given that the C09 models shown in Fig. 4 have z f = 4, this would only allow the age of the population to realistically be ∼ 1 Gyr younger or older if the formation redshift was allowed to range between 2 < z f < 6, which would only change the NUV − r colour by ∼ 0.1. This change in NUV − r caused by the age of the population is once again clearly insufficient to account for the total spread in colour observed in our clusters. While the NUV − r colour can be affected by the metallicity and age of the main sequence population, for the cluster galaxy population studied here, variation in this colour must still be dominated by the hot HB stars that are believed to be the primary driving force behind the upturn.
It should be noted that the strength and onset of the upturn also depends on Reimers mass loss parameter (Reimers 1975 (Reimers , 1977 , η, as the properties of a star on the HB are in-fluenced by the mass of its surviving envelope (i.e. the higher the mass loss during the RGB phase, the higher the surface temperature of the star in the HB). The YEPS models used here assume η = 0.63, which is calibrated using the innerhalo globular clusters of the Milky Way. However, observations by Dalessandro et al. (2012) have shown the existence of a few Milky Way globular clusters such as 47 Tuc which have UV-optical colours much redder than those predicted by the YEPS models with the lowest Y , despite having lower metallicities than the models shown here. This discrepancy can be accounted for by assuming a lower value of η, which would make the UV-optical colours redder. The majority of our galaxies have NUV − r colours that fall within the range predicted by the YEPS models, with the reddest ones being accounted for by higher metallicity models, implying that the η ∼ 0.6 is not unreasonable for most of these galaxies. Nevertheless, the value chosen for η could bring an uncertainty of the order ∼1 Gyr to the age of the models of a given metallicity.
While there is an appreciable population of low metallicity Galactic globular clusters that demonstrate upturns (either with or without He-enhanced HB populations), there are few nearby observational models for systems with high Z (commensurate with early type cluster galaxies) and high Y . As such, we use the YEPS models in Fig. 4 to make plausible estimates of Y = 0.40 ∼ 0.41 and z f = 4 ∼ 6 for the heliumenhanced sub-populations in our observed cluster galaxies. If so, Fig. 4 implies that the strength of such upturns should diminish in higher redshift cluster populations because there is insufficient time to form the most He-enriched HBs (see Brown et al. 1997, et seq.) . To a limited extent (given the available time), this could be countered by an even earlier formation redshift. Clearly, the strength of the evolution in UV upturns at higher redshifts is a crucial diagnostic of the viability of the helium-enhanced HB explanation for these upturns and as such we will explore this issue in an observational analysis of higher redshift clusters in a future paper.
While we have focused on explaining our results through the existence of a He-enhanced HB population in these galaxies, the observed lack of evolution over this time interval is still consistent with alternative models for the UV upturn, such as the binary model of Han et al. (2007) or a metallicity-dependent mass loss fraction on the red giant branch. It is less consistent with the predictions of the lowmetallicity model proposed by Yi et al. (1998) . Again, observations of higher redshift clusters should help to discriminate between these models.
CONCLUSIONS
By determining the range of UV to optical colours displayed by the population of red sequence galaxies drawn from HST observations of Abell 1689 at z = 0.18, we demonstrate that it is comparable to that seen for the same population in lower redshift clusters including Coma.
The origin of this range is therefore likely to be the same in these clusters and is due to the variation in the strength of UV upturn seen in their galaxies. In common with previous work, we can interpret this UV upturn as originating from a metal rich He-enhanced horizontal branch population of variable strength in each galaxy.
Given this interpretation, the lack of variation in the range of colours across ∼ 2.2 Gyr of lookback time can constrain a combination of the level of Helium enhancement in the stellar subpopulation and the time since formation of the population and galaxies. In particular the results imply Y 0.40 for a formation redshift of z f ∼ 4 and significantly higher for later formation. Earlier formation still requires a reasonable level of helium enhancement (Y ∼ 0.38).
The results cannot currently rule out other origins for the UV upturns, but subsequent observations of red sequence populations in higher redshift clusters should test all of these scenarios.
